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Abstract

Antibiotics are becoming ubiquitous emerging contaminants in the aquatic environments due to their large amount of production
and extensive application, which have received increasing public concern. In this paper, the degradation and mineralization of
sulfamethoxazole (SMX) by ionizing radiation in the presence of Fe;O,4 as Fenton-like catalyst were evaluated, the influencing
factors, such as the initial SMX concentration, initial pH, water matrix, and radical scavenger, etc. were examined. The results
demonstrated that SMX could be efficiently degraded. The addition of Fe;0,4 could improve the degradation efficiency of SMX
and increased the dose constant at various SMX initial concentrations. More than 98% of SMX was degraded in Fe;04/gamma
radiation system at a wide range of pH (about 3.0—11.0). The mineralization of SMX in the presence of Fe;O,4 was increased by
200%. Adding free radical scavenger (tert-butyl alcohol) inhibited the degradation of SMX. The addition of Fe;0, enhanced the
dose constant of -OH, indicating that Fe;O, promoted the formation of hydroxyl radicals (-OH) and then improved SMX
degradation and mineralization. The degradation efficiency of SMX in secondary effluent of WWTP decreased from 100 to
84% in secondary effluent compared with that in deionized water. The intermediate products during the degradation of SMX by
ionizing radiation were identified by high-performance liquid chromatography, and a possible pathway of SMX degradation in
such a system was tentatively proposed.
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Introduction

Antibiotics are emerging contaminants in aquatic environ-
ments, which have received increasing attention in recent
years. Antibiotics can enter into the environment through dif-
ferent sources, including pharmaceutical industry effluent,
hospital wastewater, and some livestock farm wastewater
(Wang et al. 2019).
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Sulfonamides are used for preventing and curing bacterial
infectious diseases. They can be added in fodder to prevent
diseases and enhance the animal growth. They are widely used
around the world due to their stable chemical properties, broad
antibacterial spectrum, convenient use, and low price. Among
them, sulfamethoxazole (SMX) is widespread used and de-
tected in aquatic environments (Wang and Wang 2018b), such
as city canal (Phan et al. 2011), river (Chen and Zhou 2014),
sewage treatment plant secondary effluent (Karthikeyan and
Meyer 2006), and activated sludge (Gobel et al. 2005). The
traditional wastewater treatment processes are not effective for
the removal of antibiotics (Gros et al. 2010; Wang and Wang
2016).

Advanced oxidation processes (AOPs) are powerful for the
degradation of toxic organic pollutants in water and wastewa-
ter (Wang and Xu 2012), which have been gradually applied
to degrade antibiotics, such as ozonation (Chen and Wang
2019; Wang and Bai 2017; Dantas et al. 2008), photocatalytic
oxidation (Khan et al. 2019; Sayed et al. 2018, 2019), UV/
chlorine (Sichel et al. 2011), persulfate oxidation (Rehman
et al. 2018; Shah et al. 2018a, 2019; Wang and Wang 2017,
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2018a, 2019), and Fenton-like oxidation (Liu et al. 2018; Shah
etal. 2018b; Tang and Wang 2018a, b, 2019; Wan et al. 2016).

Among the stated advanced oxidation processes, ionizing
radiation is a promising technique to decompose organic pol-
lutants (Wang and Chu 2016). Decomposition of organic con-
taminants in aqueous solutions can be performed through di-
rect action and indirect action. As for direct action, high ener-
gy rays can directly decompose the organic pollutants. As for
the indirect action, water molecules are excited to generate
plenty of reactive radicals, including hydroxyl radicals
(‘OH), hydrated electrons (e,q ), hydrogen radical (-H), and
H,0,. The hydroxyl radicals (‘OH) is a strong oxidant. The
hydrated electrons (e,q ) is a powerful reductant with —2.87 V
reduction potential in neutral and alkaline condition. And the
hydrogen radical (‘H) is a strong reductant (Wardman 1989;
Trojanowicz et al. 2019). Therefore, organic pollutants can be
degraded by oxidation and reduction ways during ionizing
radiation.

Ionizing radiation has been used to degrade antibiotics be-
cause of its no selectivity and high reactivity (Shen et al. 2019;
Yu et al. 2010a, 2010b; Hu and Wang 2007). Shen et al.
(2019) found that the removal efficiency of erythromycin A
was 86% by ionizing radiation in antibiotic fermentation res-
idues. Chu et al. (2018) demonstrated that with 2.5 kGy irra-
diation, 0.27 mmol/L penicillin G was completely removed.
Liu and Wang (2013) found that the degradation efficiency of
sulfamethazine reached 95% at 1 kGy. Sayed et al. (2016)
reported that 4.6 mg/L ciprofloxacin was nearly completely
decomposed with 870 Gy irradiation. However, the minerali-
zation of antibiotics is difficult by ionizing radiation. Chu et al.
(2018) found that with 10 kGy irradiation, TOC removal rate
of penicillin G was only 21.7%. Liu and Wang (2013) also
found that TOC removal rate of sulfamethazine was 5% with
5 kGy irradiation. Wang and Wang (2018c) reported the TOC
removal rate of sulfamethoxazole was 12.8% with 1 kGy ir-
radiation. The industrial application of radiation technology is
promising. We have built a demonstration plant for the ad-
vanced treatment of textile wastewater using electron beam
technology in China in 2017, with the treatment capacity of
2000 m>/d. The continuous operational experience of 2 years
shows that this technology is effective and stable.

Fenton oxidation is a commonly used method of advanced
oxidation processes (AOPs), which utilizes the oxidation of
Fe** by H,0, to generate hydroxyl radicals (-OH) at acidic pH
condition. Our previous studies found the addition of Fe**
during ionizing radiation could enhancing the antibiotics deg-
radation (Chu et al. 2018; Liu et al. 2014), which may be due
to that Fe®* reacting with H,O, which was generated from
ionizing radiation to generate ‘OH via Fenton reaction, thus
improving antibiotics degradation. However, the traditional
Fenton reaction is limited to narrow pH range (Mirzaei et al.
2017). Thus, the heterogeneous Fenton-like reaction is widely
explored, aiming to expand the feasible operating pH range.

Magnetite (FesO4) has been applied in environmental remedi-
ation (Liu and Wang 2019), such as in heterogeneous Fenton-
like process for degrading chlorophenol (Xu and Wang 2011,
2012b), phenol and aniline (Zhang et al. 2009), di-azo-
aminobenzene (DAB) (Gao et al. 2007), and bisphenol A
(Huang et al. 2014). However, no research has been reported
about using Fe;O,4 as a Fenton-like catalyst during gamma
radiation to enhance degradation and mineralization of sulfa-
methoxazole. It is needed to explore the degradation charac-
teristic as well as the mechanism.

The objectives of this study were to explore the degradation
and mineralization of sulfamethoxazole (SMX) using gamma
radiation with the addition of Fe;0,4 particles as a Fenton-like
catalyst. The effects of initial SMX concentration and pH val-
ue on the SMX removal efficiency were studied. TOC remov-
al efficiency at various initial SMX concentrations was also
explored. In addition, the dose constant of hydroxyl radicals
(‘OH) with and without the addition of Fe;O4 were also de-
termined. The intermediate products were identified, and the
possible pathway for the degradation of SMX was proposed.

Materials and methods
Chemicals

Sulfamethoxazole (SMX, > 98% purity) was obtained from
Aladdin Industrial Corporation (China). Fe;O,4 particles were
prepared as follows: FeSO4 (20 mmol/L, 250 mL), and
Fe;(SO4); (20 mol/L, 250 mL) solutions were mixed in
round-bottom flask under the protection of argon gas. Then
25%(v/v) ammonia was added dropwise until pH reached 10—
11. After stirring for a while, the resulting precipitate was
centrifugated for separation of Fe30, particles. After washing
with water and ethanol for three times, Fe;O,4 particles were
freeze-dried for use.

Irradiation experiment

The SMX solution samples were irradiated using a ®°Co radi-
ation source, which is located in Tsinghua University. The
radioactivity of °°Co gamma-ray source was about 3.6 x
10'* Bq. All SMX aqueous solution samples were preserved
in 10-mL glass tubes and irradiated close to the irradiator at
ambient temperature. The desired absorbed doses ranging
were achieved according to the irradiation time. Fe;04 (0.1
g/L) was added into SMX solution before irradiation to eval-
uate the influence of Fenton-like catalysts on SMX radiolytic
degradation. Different initial concentration of SMX aqueous
solution samples was prepared through diluting 200 mg/L
SMX stock solution using deionized water, for investigating
the impacts of initial concentration on the degradation of
SMX. pH value was adjusted by H,SO,4 and NaOH.
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Fig. 1 Degradation efficiency of 100
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Analytical methods

SMX concentration was determined using high-performance
liquid chromatography (1200 Series, Agilent, USA) at the
wavelength of 275 £ 10 nm by diode array detector (DAD)
(Zhuan and Wang 2019). Total organic carbon (TOC) was
determined by a Multi N/C 2100 TOC/TN analyzer
(Analytik Jena AG Corporation, Germany). The intermediate
products of SMX degradation were determined by LC-MS (Q
Exactive, Thermo Scientific).

SMX concentration

Results and discussion

Sulfamethoxazole degradation in the presence
of Fe304

Compared with control group which was absence of Fe;QOy,
the addition of Fe;04 could enhance the SMX degradation at
various SMX concentration (Fig. 1). During gamma irradia-
tion of SMX aqueous solution, various reactive radical species
were formed through water radiolysis, such as ‘OH, e, and

Fig. 2 Degradation of SMX at
different initial concentration in
the presence of Fe;O,.
([Fe304]aga = 0.1 g/L)

cre,

0.0
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Fig. 3 The kinetics of SMX
degradation at different initial 5
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H,0,, as represented in Eq. (1).
H,O—OH (2.7) + exq (2.6) +H - (0.55) + H, (0.45)
+ H,0, (0.71) + H;0™(2.6) (1)

The numbers in bracket express the numbers of the reactive
species formed when absorbed 100 eV energy.

Fe;04 magnetic particles can react with H,O, to generate
hydroxyl radicals (-OH), as shown in Egs. (2) and (3) (Song

Dose (kGy)

et al. 2006). Fe (II) was oxidized by H,O, and produce hy-
droxyl radicals (*OH) on the surface of Fe;0, magnetic parti-
cles. These hydroxyl radicals (-OH) could attack and destroy
SMX molecules, finally promoted the degradation efficiency.
Hou et al. (2016) observed that in heterogeneous catalytic
system of Fe;04/ HyO,, 72.2% of tetracycline was removed,
and the generation of ‘OH from the heterogeneous active site
(EFe (1)) through reaction with H,O, played an important
role. Huang et al. (2012) reported that the removal efficiency
of bisphenol A was over 80% in Fe;04/H,0, system, and

Fig. 4 Effect of initial SMX 10
concentration on dose constant

k (kGy™)

y=31.3030x"7"7
R’=0.9969

10 15 20 25 30
SMX Concentration (mg/L)
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Table 1  Dose constant with and without Fe;0, addition

SMX initial concentration (mg/L) Fe;04 concentration (g/L) Dose constant, k (kGy ') R?

5 0.1 8.972 0.997
10 0.1 5.033 0.965
20 0.1 3.188 0.991
30 0.1 2.183 0.989
5 0 7.725 0.999
10 0 5.083 0.969
20 0 2.834 0.966
30 0 2.035 0.943

found that the Fe;O, magnetic nanoparticles could catalyze
H,0, to form -OH and then promote the degradation of
bisphenol A. Xu and Wang (2012a) found that ‘OH which
formed on the surface of magnetic nanoparticles played a ma-
jor role in 2,4-dichlorophenol degradation.

=Fe(II) + H202—=Fe(Ill) + -OH + OH~ (2)
=Fe(IIl) + H202—=Fe(II) + H + +HO2- (3)

Figure 2 exhibited the results of SMX degradation at vari-
ous initial SMX concentrations in the presence of Fe;0,4 under
ionizing radiation. The initial concentration of SMX had ap-
parent influence on its degradation rate by gamma irradiation.
SMX degradation efficiency decreased when SMX concentra-
tion increased. With 0.6 kGy irradiation, SMX removal effi-
ciency was 100.0%, 97.0%, 85.4%, and 71.8%, respectively
when the initial concentration was 5, 10, 20, and 30 mg/L. The
degradation efficiency was 45.7%, 72.6%, 85.4%, 90.1%,
97.6%, 98.9%, and 100.0% at SMX initial concentration of

20 mg/L with 0.2, 0.4, 0.6, 1.0, 1.5, and 2 kGy irradiation,
respectively. It was reported that SMX removal percentage
decreased from 100 to 91.3% when its concentration increased
from 1 to 5 mg/L (Wang et al. 2017). Kim et al. (2017) also
observed that degradation of SMX decreased with increase of
its initial concentration.

The pseudo first-order reaction kinetic model (Eqgs. 4 and
5) was applied to fit the SMX degradation process.

C=Cype*P (4)
C
~In— = kD 5

where Cj is initial SMX concentration (mg/L); C is the resid-
ual SMX concentration after irradiation (mg/L); D is the
absorbed dose (kGy); and & is the dose constant (kGy ™).

It is obvious that — In(C/Cy) increased linearly with the
absorbed dose, with the correlation coefficient higher than
0.95, suggesting that the degradation of SMX followed

Fig. 5. Changes of G-value

during SMX degradation 20
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Fig. 6. Effect of pH on SMX 1.0
degradation ([SMX], = 20 mg/L) ' st —a— pH 3.01
—e—pH 4.96
i —a—pH 6.97
0.8 sl —v—pH 9.03
g ——pH 10.96
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pseudo-first-order kinetics model (Fig. 3). The dose constants
were 8.972,5.033,3.188, and 2.183 kGy ' at 5, 10, 20, and 30
mg/L, respectively. The relation between dose constant and
the initial SMX concentration could be described by power
function as Eq. (6) and illustrated in Fig. 4.

k =31.3030 Co 7”7 R* = 0.9969 (6)

This power function (R?>0.99) revealed that dose constant
was strongly related to initial SMX concentration. The dose
constants (k) declined with increase of initial concentration of
SMX. At higher initial concentration of SMX, more interme-
diate products were generated during ionizing irradiation,
which inevitably consumed more reactive species. Thus, the
effective collision between SMX molecules and these reactive
radicals decreased (Wang et al. 2017; Shah et al. 2016). Based
on the dose constant k& (kGy"l) shown in Table 1, the addition
of Fe;04 magnetic particles slightly enhanced dose constant &
of SMX degradation by gamma irradiation. This could be due
to that Fes0,4 magnetic particles accelerated the decomposi-
tion of H,O, to generate ‘OH radicals.

The radiation chemical yield (G) represents the number of
particles including molecules, ions, and radicals formed or
decomposed when absorbing 100 eV energy. According to
Eq. (7), G-value was calculated as the number of molecules
in micromole (pmol) produced or consumed when receiving
1 J of irradiation energy (Shah et al. 2014).

]

G—value = D x 1.0 x 10 pumol/J (7)

where D is the absorbed dose (Gy), and R was the change of
the reactant concentration (mol/L).

0.5 1.0 1.5 2.0
Dose (kGy)

Figure 5 showed the change of G-values at various initial
SMX concentrations after ionizing irradiation. The G-value
increased with increasing initial concentration for a certain
absorbed dose. When initial SMX concentration increased, it
would allow more chances for the reaction between the reac-
tive radicals and SMX molecules, leading to higher G-values.

Basfar et al. (2005) observed that G-values decreased as the
concentration of methyl tert-butylether (MTBE) decreased
during gamma irradiation. Sayed et al. (2016) observed the
similar results in the research of radiation-induced degradation
of ciprofloxacin. More active radicals and the intermediate
products were produced with an increase of absorbed dose.
First of all, the competition between SMX parent molecules
and intermediate products for reactive radicals might result in
the decline of G-value (Sayed et al. 2016). Besides, this trend
can be caused by the recombination of reactive radicals, as
given by Egs. (8)—(11) (Yu et al. 2008; Zheng et al. 2011).

-OH + -OH—H,0, (k=5.5x 10°L/(mols)) (8)
‘OH + e,q »OH™  (k =3.0 x 10'°L/(mol s)) 9)
‘OH + -H—H,0 (k= 7.0 x 10°L/(mol s)) (10)
HO + H+ ey —Hy +OH  (k=2.5x 10'"'L/(mol s))

(11)

Moreover, the competition between reactive radicals for SMX
molecules increased with the increase of absorbed dose, which
led to decrease of G-values (Sayed et al. 2016; Yu et al. 2008).
The similar result was reported for the decomposition of various
pollutants by gamma irradiation, such as cefaclor (Yu et al.
2008), methyl tert-butyl ether (MTBE) (Basfar et al. 2005), and
ciprofloxacin (Sayed et al. 2016).
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Fig. 7 Mineralization of SMX at
different initial concentration 1.0 (@)
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Effect of pH on SMX degradation

For exploring the impact of pH on SMX degradation by irra-
diation, SMX solution at various initial pH values ranging
from 3.01 to 10.96 was irradiated. Figure 6 illustrated the
effect of pH on SMX degradation and the pseudo-first-order
kinetic plots during SMX radiolytic degradation at different
pH values.

SMX could be degraded in a wide range of pH values,
and the degradation efficiency was more than 98%. The
degradation rate constant was 3.432, 3.0006, 2.428, 2.948,
and 2.151 kGy ' at pH 3.01, 4.96, 6.97, 9.03, and 10.96,

@ Springer
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Dose (kGy)

respectively. It can be seen that acidic condition was more
suitable for SMX degradation. The pH values determined
the concentration of H* and OH™ in aqueous solution,
thereby affecting the active radical composition formed
during water radiolysis by Eqgs. (12)—(14).

OH+OH — -H,0+0 -~ (12)
¢+ -OH—OH™ (13)
¢ +H'—-H (14)
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Fig. 8 Degradation of SMX in

the presence of scavenger 1.0
(ISMX]p = 20 mg/L, [Fe304]aaa =

0.1 g/L, [TBA] = 100 mM)

0.8

0.6

cre,

0.2 |

0.0

—o— Control
—o— Control-scavenger
—4—Fe,O,

—v— Fe,0,-scavenger

0.0

At alkaline condition, OH  can easily react with -OH rad-
icals, thus decreasing the reaction rate, which was in agree-
ment with the previous studies in the degradation of ofloxacin
(Changotra et al. 2019) and sulfadiazine (Guo et al. 2012).

Mineralization of sulfamethoxazole
Unlike the complete removal of SMX, ionizing radiation pro-

cess cannot achieve complete mineralization of SMX, as
shown in Fig. 7. When the absorbed dose was less than 1

0.5 1.0 1.5 2.0
Dose (kGy)

kGy, the TOC removal efficiency for 5 mg/L SMX changed
slowly and reached 20.2%, while SMX could be degraded
completely, as illustrated in Fig. 7(a). In this stage, SMX de-
graded into small molecular weight compounds. When
absorbed dose increased to 2.0 kGy, the TOC removal effi-
ciency gradually improved and reached the highest (51.3%),
which can be explained by small molecular weight com-
pounds gradually degrading into CO, and H,O.

The similar results were obtained in previous researches
on the degradation of BPA by heterogeneous sono-Fenton

Fig. 9 The kinetics of SMX 5
degradation in the presence of o Control
scavenger ([SMX], = 20 mg/L, -
[Fe;0u] = 0.1 gL, [TBA] = O Control-scavenger
100 mM) 4L Y897Ix A FeO,
R’=0.999 v Fe O, -scavenger
5L y=7.725x%
R’=0.999
8 y=0.936x
5, R=0.947 Y
1k y=0.716x
o R=0.838
v
M o
g
0 ¥ g 1 . 1 . 1 . 1
0.0 0.5 1.0 1.5 2.0
Dose (kGy)
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—0— Deionized water
—e— Deionized water + Fe,O,

—2— Secondary effluent
—v— Secondary effluent ++Fe,O,

27720
Fig. 10 Effect of water matrix on
SMX degradation ([SMX], = 20 1.0
mg/L, COD = 33.1 mg/L) '
0.8
0.6
Q(?
O
0.4
0.2
0.0
0.0

(Huang et al. 2014), by the Fenton-like degradation of 2,4-
DCP (Xu and Wang 2012b). The remaining TOC may re-
late to some small molecular intermediate products, such
as refractory organic acids generated from SMX degrada-
tion (Yang et al. 2015; Niu et al. 2011). As shown in Fig.
7(b), with the addition of Fe;04 during the radiation pro-
cess, TOC removal efficiency enhanced from 23.8 to
51.3% in comparison with the control group which was
absence of Fe;O, when SMX initial concentration was 5
mg/L. Fe;0,4 may react with H,O, which was formed dur-
ing water radiolysis process, which generated more -OH
radicals, finally resulting in the improvement of TOC
removal.

0.5 1.0 1.5 2.0

Dose (kGy)

Role of -OH radicals in sulfamethoxazole degradation

In order to investigate the role of ‘OH radical in the
SMX degradation process by gamma radiation,
100 mM tert-butyl alcohol was added as -OH radical
scavenger in SMX solution before irradiation because
tert-butyl alcohol can react with ‘OH according to the
following Eq. (15).

OH + t-BuOH— - CH,C(CH;),0H + H,0 k

=6/0 x 10% (L/(mol - s)) (15)

Fig. 11 Reusability of Fe304 ¥

catalyst under gamma irradiation.
([SMX]o =20 mg/L, [Fe304]aaa =
0.1 g/L)

(1)

cre,

) 3) 4)
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Fig. 12 Proposed pathway of SMX degradation under ionizing radiation

As illustrated in Fig. 8, the SMX degradation efficiency
declined from 100 to 47% and 37% with and without the
addition of Fe;0, at the dose of 1 kGy.

The corresponding dose constants were calculated by
pseudo-first-order kinetic plots as follows:

control) = 7.725 kGy '
control—scavenger) = 0.716 kGy '
Fe;04) = 8.972 kGy !
Fe30,4—scavenger) = 0.936 kGy !

So, the dose constants for -OH radical can be calculated as:

k (control-OH) = k (control)—k (control-scavenger)
=7.725-0.716 = 7.009 kGy '

k (Fe304— - OH) = k (Fe304)—k (Fe3O4—scavenger)
= 8.972-0.936 = 8.036 kGy7l

These calculated results revealed that with addition of 0.1
g/L Fe304, the dose constant of ‘OH enhanced from 7.009 to
8.036 kGy ' compared with the control group (Fig. 9). Thus,
with the addition of Fe;O,, more -OH radicals were formed,
resulting in higher removal efficiency of SMX and TOC.
Huang et al. (2012) also found that the reactive rate decreased
remarkably from 7.96 x 10> min "' (without t-BuOH) to 1.52
x 107® min~' in the presence of 0.1 M t-BuOH during

OH
\ 0=5—0
+  HN § — OH I
. | 0
CHy OH

CHjy

M/Z 109 M/Z 99

M/Z 96
M/Z 175 [
) N
. g 7 9
N 021\4@ 4+ HO—S — NH
CH, 3 \/kcu}
M/Z 123 M/Z 178
HO
e ey
—_— ON OH H,N
CH, \?j\('u»,
M/Z 155 M/Z 99

degradation of bisphenol A, indicating that Fe;0, could excite
H,0, to form -OH radicals. Zhang et al. (2009) applied Fe;O,
magnetic nanoparticles to degrade phenol and aniline in
Fenton reaction, they found that the addition of tert-butyl al-
cohol inhibited the reactive rate and degradation efficiency,
indicating that -OH radicals played a responsible role in de-
composition of phenol and aniline. Our previous study also
indicated that Fe;04-Mn;O,4 could be used as Fenton-like cat-
alyst for the degradation of sulfamethazine (Wan and Wang
2017)

Effect of water matrix on SMX degradation

Considering the practical application, the degradation of
SMX in the secondary effluent of WWTP (wastewater
treatment plant) by ionizing radiation was explored.
Compared with SMX degradation in deionized water,
SMX degradation efficiency decreased from 100 to 84%
in secondary effluent (in Fig. 10). The substances such as
anions and organic compounds in the secondary effluent
could compete reactive species with antibiotic molecules,
finally inhibiting the degradation efficiency (Pefialver
et al. 2013).

Zhuan and Wang (2019) found that anions and organic
matters in the solution had negative influence on degra-
dation of SMX by gamma radiation. The presence of
some common anions in real water such as CO32',
HCO5", NO;., SO,%, CI, and HPO,> could inhibit the
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Table 2 Intermediate products of SMX degradation by ionizing radiation
M/Z Chemical Structures Proposed Formula
HO
299 N i — i ﬂ( ” C1oHoN306S
" (") ; Mo
283 “1‘\4@7 M _<¢Lm Ci1oHoN305S
N
; W/ 0
189 1.,\@_\” - C1oH;1N;0
\/L(A“ 101 111N3
) e
HO—S — NH —7 9
178 7 L, CaHeN2045
— (I)”
175 H,N \ / T — OH C6H9NO3S
OH
HO
155 0,N —:i :>—()}| CeHsNO4
123 0:-\'@ Cs¢HsNO,
109 Ilz.\'A@—(m CsH,-NO
//N\()
99 = / C4HgN>O
\/kcu_
o
I
96 O0=S —0O SO,*

degradation of SMX by radiation, because these anions
could scavenge OH- and lead to a decrease of OH- con-
centration in the solution (Wang and Wang 2019). Adding
organic matters also inhibited SMX degradation for their
competition with SMX molecule to react with OH-.

Reusability of Fe;0,
The reusability of catalysts is important for their practical ap-
plication. The reusability performance of Fe;0,4 was illustrat-

ed in Fig. 11. Fe;O4 was used in the reaction solution for 5
cycles, and SMX was added repeatedly after each cycle under

@ Springer

gamma irradiation. With 2 kGy radiation, SMX could be
completely degraded after each cycle. Fe;0,4 performed effi-
cient reusability and stability for 5 cycles. Therefore, Fe;04
was stable in gamma radiation process for the removal of
antibiotics.

Degradation of intermediate products and pathway

Ionizing radiation is very effective for the degradation of or-
ganic pollutants; however, it is not efficient for their mineral-
ization. Some degradation intermediate products formed dur-
ing the radiation process, which were persistent after the total
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removal of the parent compounds (Fig. 12). Thus it is needed
to identify the intermediate products generated during ionizing
radiation. The intermediate products of SMX degradation by
radiation treatment were identified by liquid chromatography
(LC)—mass spectrometry (MS) (Table 2). The intermediate
product at m/z of 283 corresponded to the oxidation of amino
group at benzene ring, which was also identified in the re-
search of ozone oxidation sulfamethoxazole (Gomez-Ramos
et al. 2011), sulfamethoxazole removal by Fenton process
(Wang and Wang 2017), radiolytic degradation of sulfameth-
oxazole (Kim et al. 2017).

As for the intermediate product at m/z of 283, the breakage
of the bond between sulfur and benzene ring might result in
the generation of the intermediate products at m/z 123 and
178, respectively. The intermediate product at m/z 299 may
be the product of adding a -OH to the aniline ring of nitro-
sulfamethoxazole at m/z 283. The intermediate product at m/z
299 was also detected during the process of SMX degradation
by Fenton oxidation (Wang and Wang 2017) and by ozone
oxidation treatment (Abellan et al. 2008). The fragments at m/
7 155 and m/z 99 may be due to the cleavage of the interme-
diate product at m/z of 299. The fragment at m/z of 189 could
be the desulfurated product of SMX, as the loss of SO, ions
from SMX molecule under the oxidation of -OH. This SO,
elimination and rearrangement pathway contained three steps:
direct breakage of arylsulfone bond (C-S), direct breakage of
sulfonamide bond (S—N), and SO, extrusion (Kim et al. 2017)
Desulfonated intermediate products were also reported previ-
ously (Kim et al. 2017; Garcia-Galan et al. 2012; Boreen et al.
2005). Inorganic product at m/z 96 was identified as sulfate
jon (SO,*) during the degradation of SMX, which could be
formed due to the cleavage of arylsulfone bond (C-S), such as
the oxidation of intermediate product at m/z 178 (Kim et al.
2017).

Conclusion

Sulfamethoxazole can be efficiently degraded by ionizing ra-
diation combined with Fenton-like process. The addition of
Fe;0,4 could enhance SMX degradation as well as dose con-
stant compared with the control group. SMX degradation
followed pseudo-first-order kinetic model, and its efficiency
decreased with the increase of initial concentration. SMX
could be degraded in a wide pH range. Over 98% of SMX
were degraded at pH ranging from 3.01 to 10.96. Moreover,
the presence of Fe;04 could promote the mineralization of
SMX. TOC removal efficiency increased from 23.8 to
51.3% with the addition of Fe;04. The addition of free radical
scavenger (tert-butyl alcohol) obviously inhibited SMX deg-
radation, indicating that -OH radicals played the main role in
the SMX degradation in the radiation/Fe;O,4 system. Fe;Oy
could enhance dose constants of -OH, suggesting that Fe;O4

could promote the form of -OH radicals and enhance the deg-
radation efficiency of SMX and TOC. The degradation effi-
ciency of SMX in secondary effluent of WWTP decreased
from 100 to 84% compared with that in deionized water.
The intermediate products of SMX degradation were identi-
fied, and the possible degradation pathway was tentatively
proposed.
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